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Dopaminergic dysfunction in the prefrontal cortex (PFC) has been

implicated in the pathophysiology of schizophrenia. On the other hand,

administration of the NMDAR antagonist phencyclidine (PCP) impairs

PFC functions and induces a broad range of schizophrenic-like

symptoms, thus has been widely used as an animal model for

schizophrenia. This study sought to determine the mechanism by

which PCP may alter the dopaminergic functions in PFC. In control

rats, activation of dopamine D4 receptors produced a significant

suppression of NMDA receptor transmission in PFC pyramidal

neurons, which was dependent on the inhibition of active CaMKII.

However, in PCP-treated rats, the D4 modulation of NMDA receptors

was significantly impaired, with the concomitant loss of D4 regulation

of CaMKII activity. In contrast, the D4 modulation of voltage-

dependent Ca2+ channels was intact following PCP administration.

Furthermore, treatment with the antipsychotic drug clozapine restored

the D4 regulation of NMDA receptors in PCP-treated rats. These

findings suggest that the selective disruption of the interaction between

D4 and NMDA receptors in the PCP model, which is attributable to the

impaired D4-mediated downstream signaling, may contribute to the

aberrant PFC neuronal activity in schizophrenia.

D 2005 Elsevier Inc. All rights reserved.

Introduction

Schizophrenia is a complex neuropsychiatric disease that is

manifested in the form of abnormal mental functions and

disturbed behavior. Converging evidence has implicated that the

prefrontal cortex (PFC) is a major locus of dysfunction in

schizophrenia (Weinberger et al., 1986; Andreasen et al., 1997).

Schizophrenics often exhibit deficits in cognitive tasks that are

sensitive to the functional integrity of PFC (Goldman-Rakic,

1994). Despite the unclear etiology of schizophrenia, a neuro-

biological hypothesis of schizophrenia, which includes dysfunc-

tions within several neurotransmitter systems in PFC, is supported
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by the effective pharmacological therapies that have been

developed for the treatment of schizophrenia (Sawa and Snyder,

2002).

Most of the antipsychotic drugs act on the dopamine system

(Carlsson, 1974; Seeman et al., 1976; Creese et al., 1976). Their

significant efficacy forms the corner stone for the ‘‘dopamine

hypothesis of schizophrenia’’ (Carlsson, 1988; Davis et al., 1991).

Dopaminergic dysfunction in the PFC has been considered as an

important contributing factor to the pathophysiology of schizo-

phrenia (Grace, 1991; Deutch, 1992; Lewis and Lieberman, 2000).

Among the five dopamine receptors, D4 receptor is expressed at a

high level in PFC neurons (Mrzljak et al., 1996; Wedzony et al.,

2000), and is one of the major targets for the efficient atypical

antipsychotic drug clozapine (Van Tol et al., 1991). The key role of

D4 receptors in regulating PFC functions is being revealed by

genetic and electrophysiological studies (Rubinstein et al., 1997,

2001, Dulawa et al., 1999; Wang et al., 2002, 2003). However, it is

still unclear how the functions of D4 receptors in PFC may go awry

in neuropsychiatric disorders.

The involvement of glutamate in schizophrenia is demon-

strated by psychotomimetic properties of several noncompetitive

NMDA receptor antagonists, such as phencyclidine (PCP), MK-

801 and ketamine (Javitt and Zukin, 1991). Both acute and

repeated PCP exposure in humans produces a variety of

behaviors resembling schizophrenia, including cognitive deficits,

loss of short-term memory and negative symptoms (Luby et al.,

1959; Allen and Young, 1978; Snyder, 1980; Krystal et al.,

1994; Tamminga, 1998). Furthermore, administration of PCP in

schizophrenics dramatically exacerbates their symptoms (Itil et

al., 1967; Lahti et al., 1995). Studies in animals have also

confirmed the initial observations in human subjects (Handel-

mann et al., 1987; Verma and Moghaddam, 1996). Thus,

systemic administration of PCP represents the most widely utilized

model of schizophrenia (Jentsch et al., 1997b, 1998; Adams and

Moghaddam, 1998; Moghaddam and Adams, 1998; Jentsch and

Roth, 1999). Altered levels of several neurochemicals, such as

dopamine, glutamate and parvalbumin, have been found in animals

treated with PCP (Deutch et al., 1987; Hondo et al., 1994;

Moghaddam et al., 1997; Cochran et al., 2003); however,
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physiological changes in PFC neurons following PCP adminis-

tration have remained elusive.

Our previous study has shown that the NMDA receptor is one

of the key targets of D4 signaling in PFC pyramidal neurons (Wang

et al., 2003). In the present study, we examined the D4 regulation of

NMDAR functions in PFC pyramidal neurons from PCP-treated

rats. Our findings indicate that systemic administration of PCP

markedly attenuated the effect of D4 receptors on NMDAR

transmission in PFC, due to the impaired D4 signaling. Insights

gained from our results should provide clues for a better under-

standing of schizophrenia and for the development of novel

treatment strategies.
Results

The D4 modulation of NMDA receptor currents is selectively

attenuated in PFC pyramidal neurons from PCP-treated rats

To determine how the interaction between D4 and NMDA

receptors in PFC might be altered in neuropsychiatric disorders, we

examined the impact of D4 receptors on NMDA signaling in

pyramidal neurons, the major neuronal population in PFC net-

works, from rats exposed to PCP.

We first tested the effect of the D4 receptor agonist PD168077

(Glase et al., 1997; Wang et al., 2002, 2003) on NMDA receptor-
Fig. 1. The D4 regulation of NMDAR currents was largely abolished in dissociate

currents as a function of time and drug application in two representative neuron

PD168077 (40 AM) to reduce NMDAR currents was significantly attenuated in

Representative current traces taken from the records used to construct panel A (at

percentage reduction of NMDAR currents by PD168077 in rats treated with saline
mediated currents in PFC neurons isolated from PCP-treated rats.

The NMDAR current density (pA/pF) in cells dissociated from

PCP-treated rats (91.7 T 7.0, n = 30) was about 70% of that in cells

from saline-treated rats (132.5 T 12.1, n = 17). Application of

PD168077 (20 AM) produced a significant reduction of NMDAR

currents in neurons from saline-injected rats (17.6 T 0.7%, n = 23,

P < 0.01, Mann–Whitney U test), similar to what was found

before in control rats (Wang et al., 2003). In contrast, PD168077

had little effect on the amplitude of NMDAR currents in neurons

from PCP-treated rats (4.2 T 0.8%, n = 32, P > 0.05, Mann–

Whitney U test). Representative examples are shown in Figs. 1A–

C. The effects of PD168077 on NMDAR currents in PFC neurons

from rats with acute (1 h or 1 day) or subchronic (3–5 days) PCP

treatment are summarized in Fig. 1D. It is evident that D4 receptors

fail to produce significant modulation of NMDAR channels in

neurons from PCP-treated rats.

To assess the impact of PCP on NMDAR transmission, we first

compared the ratio of NMDAR-mediated synaptic currents

(NMDAR-EPSCs) to AMPAR-mediated synaptic currents

(AMPAR-EPSCs) in saline vs. PCP-treated rats. This measure

offers the advantage of being independent of the number of

synapses activated. A representative example is shown in Fig. 2A.

When similar AMPAR-EPSCs were triggered, the NMDAR-

EPSCs had smaller sizes in the cell from the PCP-treated rat. As

summarized in Fig. 2B, the ratio of NMDAR-EPSCs to AMPAR-

EPSCs was 1.31 T 0.15 (n = 13) in control cells, and it was reduced
d PFC pyramidal neurons from PCP-treated rats. (A) Plot of peak NMDAR

s from a saline-treated and a PCP-treated rat, respectively. The ability of

the neuron from a rat injected with PCP (5 mg/kg) for 3 days. (B, C)

time points denoted by #). (D) Cumulative data (mean T SEM) showing the

(n = 23), acute PCP (n = 10) or subchronic PCP (n = 22). *P < 0.01, t test.
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to 0.91 T 0.11 (n = 19) in cells exposed to subchronic PCP. It

suggests that systemic administration of PCP caused a ¨30%

decrease of the NMDAR-mediated component of excitatory

transmission in PFC pyramidal neurons.

To determine whether the D4 modulation of NMDAR-mediated

synaptic transmission in PFC slices is also affected in the

schizophrenia model, we compared the impact of PD168077 on

NMDAR-EPSCs in PFC slices from PCP- vs. saline-treated rats. A

representative example is shown in Figs. 2C and D. The effect of

PD168077 on the amplitude of NMDAR-EPSCs was markedly

attenuated in the PFC neuron from a PCP-treated rat, comparing to

the cell from a saline-injected rat. As summarized in Fig. 2E, in a

sample of PFC pyramidal neurons from rats exposed to acute or

subchronic PCP treatment, PD168077 reduced NMDAR-EPSCs to

a significantly (P < 0.01, t test) smaller extent (acute: 12.1 T 2.6%,

n = 9; subchronic: 11.8 T 1.8%, n = 15), comparing to the effect of

PD168077 in saline-treated rats (41.3 T 1.8%, n = 8), suggesting

that the D4 regulation of NMDAR transmission is disturbed by

PCP treatment.
Fig. 2. PCP administration slightly reduced the NMDAR component of excita

NMDAR-EPSCs in PFC slices. (A) Current traces (average of 10 raw traces) s

neurons from rats treated with saline or PCP (5 mg/kg, 3 days). Scale bars: 100 pA

(mean T SEM) showing the ratio of NMDAR-EPSCs to AMPAR-EPSCs in cells fr

of peak evoked NMDAR-EPSCs as a function of time and agonist (PD168077, 20

mg/kg, 3 days) or saline. Each point represents the average peak (mean T SEM) of

of 3 raw traces) taken from the records used to construct panel C (at time points de

showing the percentage reduction of NMDAR-EPSC amplitudes by PD168077 in

15). *P < 0.01, t test.
To test whether the effect of any agent that acts to reduce NMDA

responses is suppressed after PCP treatment due to the lower baseline

response to NMDA, we measured the 5-HT1A effect on NMDA

receptors in PCP-treated rats. Consistent with our previous finding

(Yuen et al., 2005), activation of 5-HT1A receptors with the specific

agonist 8-OH-DPAT (20 AM) caused a significant reduction of

NMDAR currents in acutely isolated PFC pyramidal neurons (Figs.

3A and B) and a marked decrease of NMDAR-EPSCs in PFC slices

(Figs. 3D and E) from saline-treated rats. Interestingly, the effects of

8-OH-DPATon NMDAR currents and NMDAR-EPSCs were intact

in rats treated with subchronic (3 days) PCP (Figs. 3A, B, D, E). In a

sample of cells we tested (Fig. 3C), 8-OH-DPAT decreased the

amplitude of NMDAR currents by 20.2 T 3.9% (n = 8) in PCP-

treated rats, which was similar to the effect of 8-OH-DPAT in saline-

treated rats (19.3 T 2.5%, n = 5). Moreover, 8-OH-DPAT reduced the

amplitude of NMDAR-EPSCs in PCP- vs. saline-treated rats to a

similar extent (Fig. 3F, saline: 34.8 T 5.2%, n = 5; PCP: 35.9 T 6.5%,

n = 6). It suggests that systemic administration of PCP does not

render NMDA receptors refractory to inhibitory modulation.
tory synaptic transmission, but markedly attenuated the D4 regulation of

howing the NMDAR-EPSCs and AMPAR-EPSCs in two PFC pyramidal

, 100 ms (NMDAR-EPSC) or 50 ms (AMPAR-EPSC). (B) Cumulative data

om saline-treated (n = 13) or subchronic PCP-treated (n = 19) rats. (C) Plot

AM) application in two representative neurons from rats treated with PCP (5

3 consecutive NMDAR-EPSCs. (D) Representative current traces (average

noted by #). Scale bars: 25 pA, 100 ms. (E) Cumulative data (mean T SEM)

rats treated with saline (n = 8), acute PCP (n = 9) or subchronic PCP (n =



Fig. 3. The 5-HT1A down-regulation of NMDA receptor function was unaffected in PFC pyramidal neurons from PCP-treated rats. (A, D) Plot of peak

NMDAR currents (A) or NMDAR-EPSCs (D) as a function of time and drug application in representative neurons from rats treated with PCP (5 mg/kg, 3 days)

or saline. The 5-HT1A agonist 8-OH-DPAT (20 AM) reduced NMDAR currents and NMDAR-EPSCs similarly in these neurons. (B, E) Representative current

traces taken from the records used to construct panels A (B) or D (E) (at time points denoted by #). Scale bars: 0.5 nA, 1 s (B); 50 pA, 100 ms (E). (C, F)

Cumulative data (mean T SEM) showing the percentage reduction of NMDAR currents (C) or NMDAR-EPSCs (F) by 8-OH-DPAT in rats treated with saline or

PCP (3 days).
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To further test the specificity of the PCP-induced loss of D4

regulation of NMDA receptors, we also compared the D1 effect on

NMDA receptors in PCP- vs. saline-treated rats. As shown in Figs.

4A and B, application of the D1 receptor agonist SKF81297 (10 AM)

produced a potent and reversible enhancement of NMDA (500 AM)-

evoked currents in PFC pyramidal neurons dissociated from saline-

treated rats, similar to our previous results in control rats (Chen et al.,

2004). A similar effect of SKF81297 was also found in PCP-treated

rats (Figs. 4C and D). In a sample of cells we tested, SKF81297

increased the amplitude of steady-state NMDAR currents by 18.6 T
1.5% (n = 17) in rats treated with subchronic PCP, which was similar

to the effect of SKF81297 in saline-treated rats (19.8 T 2.2%, n = 14).

These results indicate that the D1 receptor-mediated up-regulation of

NMDA receptor function is unaltered after PCP treatment.

The D4 modulation of voltage-dependent Ca
2+ channels is intact in

PFC pyramidal neurons from PCP-treated rats

Since the D4 modulation of NMDA receptors is impaired in PFC

neurons from PCP-treated rats, we would like to know whether the

impairment is due to a selective change in the signaling mechanisms

underlying D4 regulation of NMDA receptors or a general

dysfunction of D4 receptors. To test this, we examined the effects

of PD168077 on voltage-dependent Ca2+ channels (VDCCs) in rats
treated with PCP. Ba2+ currents through VDCCs were recorded with

a voltage ramp protocol (Yan et al., 1997). As shown in Figs. 5A

and B, application of PD168077 (40 AM) rapidly and reversibly

decreased VDCC currents in PFC pyramidal neurons from rats

treated with saline. Meanwhile, PD168077 produced a similar effect

on VDCC currents in cells from PCP-treated rats (Figs. 5C and D).

In a sample of dissociated PFC neurons we tested, PD168077

reduced the amplitude of VDCC currents by 20.6 T 5.9% (n = 7) in

rats treated with subchronic PCP, which was not significantly

different from the effect of PD168077 in saline-treated rats (19.2 T
2.9%, n = 13, P > 0.05, t test). Since the PD168077 reduction of

Ca2+ currents can be attributable to the D4R/G protein-mediated

direct inhibition of VDCCs (Hille, 1994), the intact effect of

PD168077 on VDCCs in PCP-treated rats suggests that PCP

administration is unable to affect D4 receptors per se, at least at the

early stage. Thus, the selective loss of D4 regulation of NMDA

receptors in PCP-treated rats is more likely due to the impaired

specific signaling events linking D4 receptors to NMDAR channels.

The aberrant D4 modulation of NMDA receptors in PCP-treated

rats is restored by the antipsychotic drug clozapine

To determine whether the loss of D4 modulation of NMDA

receptors in PCP-treated rats may be involved in the pathophysi-



Fig. 4. The D1 regulation of NMDAR channels in PFC neurons was intact in PCP-treated rats. (A, C) Plot of steady-state NMDAR currents (measured at

the end point of 2-s NMDA application) as a function of time and drug application in two representative neurons from rats treated with saline (A) or PCP

(C, 5 mg/kg, 3 days). The D1 agonist SKF81297 (10 AM) produced similar effects on NMDAR currents in these cells. (B, D) Representative current traces

taken from the records used to construct panels A (B) or C (D) (at time points denoted by #).
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ology of schizophrenia, we tested the ability of the ‘‘atypical’’

antipsychotic drug clozapine to restore this D4 action. Rats were

daily injected with clozapine (5 mg/kg) 30 min before PCP (5

mg/kg) administration. This dose of clozapine has been shown to

blunt PCP-induced sensorimotor gating deficits (Bakshi et al.,

1994) and suppression of social behavior (Steinpreis et al., 1994)

in rats. The PD168077 effects on NMDAR currents and

NMDAR-EPSCs were compared in rats after subchronic treat-

ment of PCP or PCP plus clozapine. We found that the ability of

PD168077 to modulate NMDA receptors was recovered in PCP-

rats treated with clozapine. Representative examples are shown

in Figs. 6A and B. As summarized in Fig. 6C, PD168077

produced a 16.3 T 1.0% reduction of NMDAR currents in PFC

pyramidal neurons isolated from clozapine-treated rats (n = 19),

comparable to the effect of PD168077 in control neurons (17.1 T
1.3%, n = 12), but was significantly different from the effect of

PD168077 in cells from PCP-treated rats (3.8 T 1.3%, n = 7,

P < 0.01, t test). Parallel experiments in PFC slices gave

similar results (Figs. 6D–F). With subchronic clozapine treatment,

PD168077 produced a 37.0 T 2.9% reduction of NMDAR-EPSCs

(n = 11), which was significantly bigger than the effect of

PD168077 in rats treated with PCP alone (14.4 T 5.4%, n =

8, P < 0.01, t test).
The D4 regulation of CaMKII activity was lost in PCP-treated rats,

and was restored by clozapine treatment

Since the electrophysiological data indicate that the D4

modulation of NMDA receptors is significantly attenuated in

PCP-treated rats, we would like to know the potential mechanisms

that lead to the altered D4 action. Our previous study has found that

the D4 depression of NMDAR currents in PFC neurons is

dependent on the inhibition of active CaMKII (Wang et al.,

2003). We reasoned that one possibility for the aberrant D4

regulation of NMDA receptors in the schizophrenia model is the

inability to regulate CaMKII activity by D4 receptors. To test this,

we compared the effect of PD168077 on CaMKII activation in

PFC slices from saline- and PCP-treated rats. CaMKII is

autophosphorylated at Thr286 when the enzyme is activated in

the presence of Ca2+/calmodulin, leading to the appearance of a

sustained, Ca2+-independent activity (Miller and Kennedy, 1986).

Thus, an anti-Thr286-phosphorylated CaMKII antibody was used to

detect activated CaMKII. As shown in Fig. 7, PD168077 potently

decreased the activation level of CaMKII in PFC slices from saline-

treated rats (32 T 12% of control after PD168077, n = 12, P < 0.01, t

test, data pooled together), but this effect was almost completely

abolished in slices from PCP-treated rats (103 T 18% of control after



Fig. 5. The D4 regulation of voltage-dependent Ca2+ channels (VDCCs) in PFC neurons was intact in PCP-treated rats. (A, C) Plot of peak Ca2+ currents

evoked by a voltage ramp protocol as a function of time and drug application in two representative neurons from rats treated with saline (A) or PCP (C, 5 mg/

kg, 3 days). PD168077 (20 AM) produced similar effects on VDCCs in these cells. (B, D) Representative current traces taken from the records used to construct

panels A (B) or C (D) (at time points denoted by #).
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PD168077, n = 17, data pooled together). Administration of

clozapine in PCP-treated rats significantly restored the ability of

PD168077 to regulate CaMKII activity (42 T 11% of control after

PD168077, n = 9). The total level of CaMKII expression was not

significantly changed by PCP treatment. These biochemical results

suggest that the D4-mediated signaling cascade is altered in PCP-

treated rats, which may lead to the loss of D4 modulation of NMDA

receptor currents.
Discussion

Behavioral studies have shown that both acute and chronic

PCP exposure in humans and animals induces a battery of

behavioral symptoms reminiscent of schizophrenia, with the

effects of chronic exposure being generally more persistent (Luby

et al., 1959; Allen and Young, 1978; Krystal et al., 1994; Jentsch

and Roth, 1999). Partial deletion of the gene encoding NMDA

receptor NR1 subunit causes several behavioral abnormalities

similar to PCP administration (Mohn et al., 1999). Molecular and

cellular mechanisms underlying the PCP-induced behavioral
impairment are still unclear. It is proposed that systemic blockade

of NMDA receptors triggers a complex polysynaptic network

disturbance that is characterized by inactivation of inhibitory

neurons and consequent disinhibition of excitatory pathway (Olney

et al., 1999). Excessive release of glutamate in PFC has been found

with NMDAR blockers (Moghaddam et al., 1997). Increased burst

firing in subsets of VTA dopaminergic neurons is also elicited by

PCP through an indirect pathway involving PFC glutamatergic

neurons innervating VTA (Raja and Guyenet, 1980; Freeman and

Bunney, 1984). Moreover, acute administration of PCP profoundly

increases the dopamine release in PFC (Deutch et al., 1987; Verma

and Moghaddam, 1996; Jentsch et al., 1997a). Therefore, it is

thought that the altered NMDA system causes the dysfunction of the

dopamine system, leading to the formation of psychotic symptoms.

In this study, we sought to determine whether the aberrant dopamine

system causes the dysregulation of the NMDA system, thus may

contribute to the pathophysiology of schizophrenia.

The enrichment of D4 receptors in PFC and its high affinity for

the atypical antipsychotic drug clozapine have led the speculation

that D4 receptors is highly involved in neuropsychiatric disorders.

Earlier studies with subtractive pharmacological methods suggest



Fig. 6. The D4 regulation of NMDA receptors in PCP-treated rats was restored by clozapine treatment. (A) Plot of peak NMDAR currents as a function of time

and drug (PD168077, 40 AM) application in two representative neurons from rats treated with PCP alone (5 mg/kg, 3 days) or PCP plus clozapine (5 mg/kg, 3

days). (B) Representative current traces taken from the records used to construct panel A (at time points denoted by #). (C) Cumulative data (mean T SEM)

showing the percentage reduction of NMDAR current amplitudes by PD168077 in PFC neurons from rats treated with PCP (n = 7), PCP plus clozapine (n =

19) or saline (n = 12). *P < 0.01, t test. (D) Plot of peak evoked NMDAR-EPSCs as a function of time and agonist (PD168077, 20 AM) application in two

representative neurons from rats treated with PCP alone (5 mg/kg, 3 days) or PCP plus clozapine (5 mg/kg, 3 days). Each point represents the average peak

(mean T SEM) of 3 consecutive NMDAR-EPSCs. Scale bars: 50 pA, 200 ms. (F) Cumulative data (mean T SEM) showing the percentage reduction of

NMDAR-EPSC amplitudes by PD168077 in PFC neurons from rats treated with subchronic PCP (n = 8), PCP plus clozapine (n = 11) or saline (n = 5). *P <

0.01, t test.

Fig. 7. The D4 regulation of CaMKII activity was abolished in PCP-treated rats, and was restored after clozapine treatment. (A) Quantification of CaMKII

Thr286 phosphorylation in the absence or presence of PD168077 (40 AM) in PFC slices from rats treated with saline, PCP (5 mg/kg) or PCP plus clozapine (CZ,

5 mg/kg) for different durations. Each bar is the summary of 4–6 experiments. *P < 0.01, t test. (B) Representative immunoblots of Thr286-autophosphorylated

CaMKII and total CaMKII in PFC slices from rats treated with saline, PCP or PCP plus clozapine.

X. Wang et al. / Mol. Cell. Neurosci. 31 (2006) 15–25 21



X. Wang et al. / Mol. Cell. Neurosci. 31 (2006) 15–2522
that D4-like receptors are up-regulated in PFC of schizophrenia

patients (Seeman et al., 1993). However, reported changes on D4

mRNA levels in PFC of schizophrenics have been conflicting

(Roberts et al., 1996; Meador-Woodruff et al., 1997; Stefanis et al.,

1998). Nevertheless, it is unclear whether actual alterations in

functional D4 receptors occur under pathological conditions. In this

study, we demonstrate that the D4 modulation of NMDA receptors

in PFC is significantly impaired in rats after PCP exposure. The

impairment is similar in rats treated acutely (single-dose) or

subchronically (3–5 days) with PCP. The unaltered 5-HT1A and D1

modulation of NMDA receptors in PCP-treated rats suggests that

systemic administration of PCP does not produce a generally

dysfunctional NMDA receptor that resists any regulation at the

cellular level. Moreover, it suggests that not all receptors are

impaired in the same way following systemic administration of

PCP. Since the loss of D4 functions is selective for NMDA

receptors, but not for another target of D4 receptors—voltage-

dependent Ca2+ channels (VDCCs), it suggests that the expression

of D4 receptors is not significantly altered, but certain specific

functions of D4 receptors are disrupted after PCP exposure. The

loss of D4 receptor functions in PFC pyramidal neurons after PCP

administration is consistent with the decreased functional activity

of dopamine in the neocortex of schizophrenia (Davis et al., 1991;

Akil et al., 1999), which is thought to mediate negative symptoms

(Lewis and Lieberman, 2000).

The altered D4 regulation of NMDAR functions after PCP

administration is recovered by treatment with the antipsychotic

drug clozapine. The ability of clozapine to alleviate negative

symptoms of schizophrenia without inducing extrapyramidal side

effects has been related to its higher affinity for D4 receptors

compared with D2/D3 receptors (Wilson et al., 1998). In addition to

targeting D4 receptors in PFC, clozapine also interacts with other

receptors, such as serotonin receptors, muscarinic receptors and

norepinephrine receptors (Oak et al., 2000), which may explain its

better efficacy in treating schizophrenia than any agonists or

antagonists selective to a single receptor subtype. It has been found

that clozapine blocks behavioral impairments induced by NMDAR

antagonists, but it lacks affinity for either ionotropic or metabo-

tropic glutamate receptors (Lewis and Lieberman, 2000). There-

fore, clozapine may be acting through dopamine receptors or other

receptors to modify glutamate-mediated function and behavior.

The results provided by this study suggest that the dysregulation of

NMDA receptors could be one important mechanism for the

dopamine dysfunction and the aberrant PFC activity in schizo-

phrenia, and restoring the D4 modulation of NMDAR channels in

PFC could be one of the antipsychotic actions of clozapine.

A potential mechanism underlying the altered D4 regulation of

NMDAR transmission in PCP-treated rats is the disruption of

signaling events linking D4 receptors to NMDAR channels. Our

previous study has found that the D4 modulation of NMDAR

functions in PFC is through a cascade involving the inhibition of

PKA, activation of PP1 and ensuing inactivation of CaMKII,

leading to the reduced surface expression of NMDA receptors

(Wang et al., 2003). In this study, we demonstrated that the

ability of D4 receptors to inhibit CaMKII activity was signifi-

cantly attenuated following PCP exposure. Given the intact D4

modulation of VDCCs, which is mediated by a direct G protein

action, it suggests that the D4 coupling of G proteins is not

impaired by PCP treatment. The second-messenger cascade

downstream of G proteins appears to be disturbed in the PCP

model of schizophrenia. One possible site of action for PCP is the
components of cAMP signaling. Clinical studies have found that

adenylate cyclase and the PKA regulatory subunits were

significantly reduced in schizophrenia patients compared with

controls (Dean et al., 1997; Tardito et al., 2000), suggesting that

schizophrenic patients have altered PKA levels. Another possible

site is CaMKII. a-CaMKII knockout mice, especially the

heterozygotes, exhibit a myriad of behavioral abnormalities

including a decreased fear response and an increase in defensive

aggression (Chen et al., 1994). These neuropsychiatric behavioral

phenotypesexhibitedina-CaMKII+/� mice suggest that impaired

CaMKII functions are involved in schizophrenia. Elevated

CaMKII mRNA has been found in PFC from schizophrenia

patients (Novak et al., 2000). However, little is known about how

the properties and functions of CaMKII are dysregulated in

neuropsychiatric disorders. Our current results provide the first

evidence showing that the D4 regulation of CaMKII is impaired

after PCP exposure, and this dysregulation of CaMKII activity is

restored by antipsychotic drug treatment.

Based on the experimental results, we propose a working model

as follows. Dopamine input acts on D4 receptors in PFC neurons to

attenuate the activity of NMDA receptors, and this regulation is

essential for the maintenance of a normal mental state. Admin-

istration of PCP interferes with D4 receptor-mediated intracellular

signaling pathways, thereby disrupting the D4 modulation of

NMDA receptors. The altered NMDAR functions may impair

normal PFC neuronal activities required for cognition, reasoning,

perception and emotion, leading to psychotic symptoms manifested

in schizophrenia.
Experimental methods

Animals and drug administration

Male Sprague–Dawley young adult (3–4 weeks postnatal) rats

were used as subjects. Phencyclidine hydrochloride (PCP, Sigma)

was administered at a dose of 5 mg/kg in sterile saline daily. This

dose of PCP administration to rats has been shown to induce a

variety of behavioral and biochemical changes reminiscent of

schizophrenia in humans (Jentsch et al., 1997b, 1998; Adams and

Moghaddam, 1998; Moghaddam and Adams, 1998). Injections

were given at a volume of 1 ml/kg intraperitoneally and vehicle

treatments represented an injection of an equivalent volume of

sterile saline. For acute PCP treatment, the rats were sacrificed 1 h

or 1 day after i.p. injection of a single-dose of PCP. For subchronic

PCP treatment, the rats were i.p. injected once daily with PCP for

3–5 days and sacrificed 24 h after the last injection. In a set of

experiments, rats were i.p. injected once daily with clozapine at the

standard prescription level (5 mg/kg, Malhotra et al., 1997) during

the subchronic treatment with PCP.

Acute-dissociation procedure

PFC neurons were acutely dissociated using procedures similar

to those described previously (Feng et al., 2001; Wang et al.,

2003). All experiments were carried out with the approval of State

University of New York at Buffalo Animal Care Committee. After

incubation of brain slices in a NaHCO3-buffered saline, PFC was

dissected and placed in an oxygenated chamber containing papain

(Sigma, 0.4 mg/ml) in HEPES-buffered Hank’s balanced salt

solution (HBSS, Sigma Chemical Co.) at 35-C. After 20–40 min
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of enzyme digestion, tissue was rinsed three times in the low Ca2+,

HEPES-buffered saline and mechanically dissociated with a graded

series of fire-polished Pasteur pipettes. The cell suspension was

then plated into a 35 mm Lux Petri dish which was then placed on

the stage of a Nikon inverted microscope.

Whole-cell recordings

Whole-cell recordings of currents employed standard voltage-

clamp techniques (Wang et al., 2003; Chen et al., 2004). The

internal solution consisted of (in mM): 180 N-methyl-d-glucamine

(NMG), 40 HEPES, 4 MgCl2, 0.1 BAPTA, 12 phosphocreatine, 2

Na2ATP, 0.2 Na3GTP, 0.1 leupeptin, pH 7.2–7.3, 265–270 mosM/

l. The external solution consisted of (in mM): 127 NaCl, 20 CsCl,

10 HEPES, 1 CaCl2, 5 BaCl2, 12 glucose, 0.001 TTX, 0.02

glycine, pH 7.3–7.4, 300–305 mosM/l.

Recordings were obtained with an Axon Instruments 200B patch

clamp amplifier that was controlled and monitored with an IBM PC

running pCLAMP (v. 8) with a DigiData 1320 series interface (Axon

instruments, Foster City, CA). Electrode resistances were typically

2–4MV in the bath. After seal rupture, series resistance (4–10MV)

was compensated (70–90%) and periodically monitored. Care was

exercised to monitor the constancy of the series resistance, and

recordings were terminated whenever a significant increase (>20%)

occurred. The cell membrane potential was held at �60 mV. The

application of NMDA (100 AM) evoked a partially desensitizing

inward current. Peak values were measured for generating the plot as

a function of time and drug application. NMDAwas applied for 2 s

every 30 s to minimize desensitization-induced decrease of current

amplitude. Drugs were applied with a gravity-fed Fsewer pipe_
system. The array of application capillaries (ca. 150 Am i.d.) was

positioned a few hundred microns from the cell under study.

Solution changes were effected by the SF-77B fast-step solution

stimulus delivery device (Warner Instrument Co., Hamden, CT).

Data analyses were performed with AxoGraph (Axon instru-

ments, Union City, CA), Kaleidagraph (Albeck Software, Reading,

PA), Origin 6 (OriginLab Co., Northampton, MA) and Statview

(Abacus Concepts, Inc.). For analysis of statistical significance,

Mann–Whitney U tests were performed to compare the current

amplitudes in the presence or absence of agonists. Student’s t tests

were performed to compare the differential degrees of current

modulation between groups subjected to PCP vs. saline treatment.

In some cases, rats treated with PCP plus clozapine were compared

with rats treated with PCP alone.

Electrophysiological recordings in slices

To evaluate the regulation of NMDAR-mediated excitatory

postsynaptic currents by D4 receptors in PFC slices, the whole-cell

patch technique (Zhong et al., 2003; Wang et al., 2003) was used

for voltage-clamp recordings using patch electrodes (5–9 MV)

filled with the following internal solution (in mM): 130 Cs-

methanesulfonate, 10 CsCl, 4 NaCl, 10 HEPES, 1 MgCl2, 5

EGTA, 2.2 QX-314, 12 phosphocreatine, 5 MgATP, 0.2 Na3GTP,

0.1 leupeptin, pH 7.2–7.3, 265–270 mosM/l. The slice (300 Am)

was placed in a perfusion chamber attached to the fixed-stage of an

upright microscope (Olympus) and submerged in continuously

flowing oxygenated artificial cerebrospinal fluid (ACSF). Cells

were visualized with a 40� water-immersion lens and illuminated

with near infrared (IR) light and the image was detected with an

IR-sensitive CCD camera. A Multiclamp 700A amplifier was used
for these recordings. Tight seals (2–10 GV) from visualized

pyramidal neurons were obtained by applying negative pressure.

The membrane was disrupted with additional suction and the

whole cell configuration was obtained. The access resistances

ranged from 13–18 MV. For recording NMDAR-mediated

EPSCs, cells were bathed in ACSF containing CNQX (20 AM)

and bicuculline (10 AM) continuously to block AMPA/kainate

receptors and GABAA receptors. Evoked currents were generated

with a 50 As pulse from a stimulation isolation unit controlled by a

S48 pulse generator (Astro-Med, Inc., West Warwick, RI). A

bipolar stimulating electrode (FHC, Inc., Bowdoinham, ME) was

positioned ¨100 Am from the neuron under recording. Before

stimulation, cells (voltage-clamped at �70 mV) were depolarized

to +60 mV for 3 s to fully relieve the voltage-dependent Mg2+

block of NMDAR channels (Hestrin et al., 1990). Clampfit

Program (Axon Instrument) was used to analyze evoked synaptic

activity. The amplitude of EPSC was calculated by taking the mean

of a 2–4 ms window around the peak and comparing with the

mean of a 4–8 ms window immediately before the stimulation

artifact.

Western blot analysis

PFC slices were prepared as previously described (Gu et al.,

2003). Equal amounts of protein from slice homogenates were

separated on 7.5% acrylamide gels and transferred to nitrocellulose

membranes. The blots were blocked with 5% nonfat dry milk for 1 h

at room temperature. Then the blots were incubated with the anti-

Thr286-phosphorylated CaMKII antibody (Promega, 1:2000) for 1 h

at room temperature. After being rinsed, the blots were incubated

with horseradish peroxidase-conjugated anti-rabbit antibodies

(Amersham, 1:2000) for 1 h at room temperature. Following 3

washes, the blots were exposed to the enhanced chemiluminescence

substrate. Then the blots were stripped for 1 h at 50-C followed by

saturation in 5% nonfat dry milk and incubated with an anti-

CaMKII antibody (Upstate Biotechnology, 1:2000) for the detec-

tion of the total CaMKII. Quantitation was obtained from

densitometric measurements of immunoreactive bands on films.

Levels of p-CaMKII or CaMKII with vs. without D4 agonist in rats

under different treatments were compared with Student’s t tests.
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